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ABSTRACT 
Oxidative and non-oxidative torrefaction pretreatments are the most employed in order to enhance some 
properties of biomass such as hygroscopicity, low energy density, or poor grindability and so biomass 
could be a more competitive renewable energy source. The aim of this paper is to compare oxidative 
and non-oxidative torrefaction processes applying to a pine wood sample. Torrefaction in the range of 
temperatures 200–250ºC was conducted in a tube furnace reactor and proximate and ultimate analyses 
and heating value determination were carried out in order to characterize the torrefied samples. 
Torrefaction kinetics were obtained at three different temperatures using a thermogravimetric analyser. 
Both mass and energy yields in oxidative cases were lower as torrefaction temperature was increased 
compared to non-oxidative treatment. Heating value data of oxidative option were slightly lower than 
those of non-oxidative one were, although they were higher than the heating value of raw biomass. 
According to the proximate analysis, the moisture content decreased from 7.63% in raw biomass to 
3.46% and 3.15% in pine torrefied at 250°C in oxidizing and inert atmospheres, respectively. H/C and 
O/C ratios decrease was more drastic for oxidative torrefaction than for non-oxidative one. In addition, 
the van Krevelen diagram shows that oxidative torrefaction is more interesting than non-oxidative 
alternative, this circumstance suggests that any optimizing criterion has to take into account at least 
three variables, including ultimate analysis and mass and energy yields. 
Keywords:  oxidative torrefaction, non-oxidative torrefaction, pine, biomass, torrefaction kinetics. 
1  INTRODUCTION 
Biofuels from renewable biomass has attracted increasing attention as an alternative to 
substitute fossil fuels [1]. Biomass is the largest renewable energy source, providing 10 % of 
world primary energy supply [2]. However, some properties of biomass are inconvenient, 
such as its high oxygen content, low heating value or the hydrophilic behaviour, which may 
cause problems in its transport, storage and combustion. Furthermore, its fibrous nature 
causes a difficult grinding, which requires high-energy input. 
     Dry torrefaction is a mild pyrolysis process carried out at low temperature (200–300 ˚C) 
under inert (non-oxidative) or oxidizing (oxidative) atmosphere [3]. Torrefaction offers some 
solutions for the above problems by reducing the O/C ratio of biomass due to the removal of 
oxygen. As a result, moisture content of biomass drops drastically, energy required for 
grinding is lower and biomass turns hydrophobic [4]. In addition, high amounts of oxygen 
results in smoking during combustion [5] and it can be reduced due to the lower oxygen 
content of torrefied biomass. 
     Majority of research is focused on non-oxidative torrefaction [1], [4], [6]–[24]. However, 
the reduction of operating costs is an important issue to practice torrefaction commercially. 
Oxidative torrefaction could achieve this reduction. Recently, a number of studies related to 
oxidative torrefaction have been carried out, most of them related with residues from oil palm 
industry [21]–[26] although, some of them studied the oxidative torrefaction of ligneous 
biomass such as spruce and fir sawdust [27], eucalyptus [21], [23], [24], [28], pine and beech 
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[29]. The common idea of all these articles is that there are few differences between oxidative 
and non-oxidative torrefaction in ligneous biomass. Meanwhile, mass yield of oxidative 
torrefaction in fibrous biomass such as oil palm fibre is drastically lower than mass yield of 
non-oxidative torrefaction. Thus, oxidative torrefaction is only appropriate for ligneous 
biomass. 
     Devolatilisation and pyrolysis of biomass are the main mechanisms of thermal 
degradation in non-oxidative torrefaction. On the other hand, the oxidation of hydrocarbons 
also affects the decomposition of biomass in oxidative torrefaction [24]. 
     The present study focuses on the oxidative and non-oxidative torrefaction of pine wood. 
Mass and energy yields and full characterisation of torrefied biomass (proximate and ultimate 
analyses and high heating value) together with isothermal kinetics of torrefaction at three 
different temperatures were obtained. 
2  MATERIALS AND METHODS 
2.1  Sample preparation 
A sample of pine wood was used to study and compare the behaviour of oxidative and non-
oxidative torrefaction treatments as commercial biomass such as pellets are made mainly of 
pine wood. The sample was grinded and sieved to a size between 710–1000 µm and the 
characterization of the raw biomass sample was conducted (Table 1). 
2.2  Torrefaction experiments 
Torrefaction processes were carried out in a MTF 12/38/150 tube furnace reactor (Carbolite) 
at three different temperatures (200, 225 and 250°C). Nitrogen and air were used in non-
oxidative and oxidative torrefaction, respectively. The temperature of the reactor was raised 
to the selected temperature and held for 20 min at that temperature meanwhile a constant N2 
or air flux of 1 L/min as the inert and oxidative gas, respectively. 
Table 1:  Characterization of raw biomass sample. 
 Pine 
Proximate analysis, % 
Moisture 7.63 
Volatiles 87.87 
Ash 0.25 
Fixed Carbon 4.25 
Ultimate analysis, % 
C 47.90 
N 0.16 
S 0.51 
H 6.53 
O 44.89 
HHV, J/g 19402 
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2.3  Analysis of torrefied biomass 
Proximate and ultimate analysis and heating value determination were performed on torrefied 
samples. Proximate analysis was performed in a CWF 11/13 muffle furnace (Carbolite) 
following ASTM standards [30]–[32] and higher heating value was determined using a 
C5000 calorimetric bomb (IKA Werke) following the ASTM E711 standard [33]. The 
ultimate analysis was obtained using a Vario Macro CHNS elemental analyser (Elementar). 
The weight percent of carbon, hydrogen, nitrogen and sulphur in samples can be detected 
simultaneously, while the weight percent of oxygen was determined by difference. 
2.4  Kinetics of torrefaction and combustion 
4 mg of the sample were subjected to thermal decomposition at three different temperatures 
200, 225 and 250C to study the torrefaction kinetics. Both types of experiments were 
conducted in a STA 6000 thermogravimetric analyser (Perkin Elmer). Inert atmosphere for 
non-oxidative torrefaction kinetics was achieved using 200 ml/min of nitrogen as carrier gas 
[4], while for oxidising atmosphere option 40 ml/min of air as carrier gas was employed [34]. 
The temperature program described by Chen and Kuo [4], was used to obtain the kinetic 
parameter of both types of torrefaction. 
3  RESULTS AND DISCUSSION 
3.1  Mass and energy yields 
The mass yield is an indicator of how biomass resists to thermal degradation. The mass yield 
of pine wood subjected to both non-oxidative (N-Ox) and oxidative (Ox) torrefaction process 
were in the range 91.84–85.57% and 96.67–84.34% for non-oxidative and oxidative 
torrefaction, respectively (Fig. 1). Oxidative torrefaction shows lower mass yield than non-
oxidative option, though the difference is minimal. The energy yield decays deeper in 
oxidative torrefaction than in non-oxidative option with values in the range 95.49–87.19% 
and 96.36–93.18% for oxidative and non-oxidative torrefaction respectively (Fig. 2). It is 
widely accepted that the optimal balance of mass and energy yields for biomass torrefaction 
is 80% of mass yield and 90% of energy yield in the torrefied biomass [1], [35], [36]. 
Consequently, both types of torrefaction could be appropriate for pine if the changes in its 
hygroscopic behaviour are those that are required to enhance the characteristics of biomass 
as a solid fuel. 
3.2  Proximate and elemental analyses 
The proximate analysis (Fig. 3) shows a decrease in the moisture content as the torrefaction 
temperature increases. The hydrophobic behaviour of torrefied biomass seems to be stronger 
when biomass is subjected to non-oxidative torrefaction since the percentage of moisture is 
lower in biomass torrefied under non-oxidative conditions. In Fig. 3, there is a general trend 
of decreasing volatile matter and increasing fixed carbon content as the torrefaction 
conditions become more severe. It means that the reactivity of the torrefied biomass is lower 
and its heating value higher as the temperature of torrefaction increases.     The van Krevelen 
diagram shows the decrease of both atomic ratios O/C and H/C as the torrefaction 
temperature increases (Fig. 4). The comparison between both types of torrefaction suggests 
that presence of oxygen dramatically affects the H/C ratio while O/C is less affected. The 
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explanation of this behaviour is related with the thermal degradations mechanisms of both 
torrefaction processes as discussed in the introduction. 
 
Figure 1:  Relationship between mass yield and torrefaction temperature. 
 
 
Figure 2:  Relationship between energy yield and torrefaction temperature. 
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Figure 3:  Proximate analysis for all the torrefaction conditions. 
 
Figure 4:  Van Krevelen diagram of non-oxidative and oxidative torrefaction processes. 
3.3  Kinetics of torrefaction 
Isothermal kinetics can be obtained easily as torrefaction is an isothermal process. The 
conversion-time relationship of a sample is given by eqn (1). 
 
ௗఈ
ௗ௧ ൌ ݇ሺ1 െ ߙሻ௡,																																																				(1)  
where the conversion of the sample, α, is defined by eqn (2). 
 
ߙ ൌ ௐ೔ିௐௐ೔ିௐ೑	,																																																									(2) 
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where Wi and Wf are the initial (105°C) and final (800°C) weights of the sample respectively, 
while W is the weight of the sample at time t. 
     If the order of reaction is unity, the integration of eqn (1) gives eqn (3). 
 
݈݊ ቀଵିఈబଵିఈ ቁ ൌ ݇ሺݐ െ ݐ଴ሻ,																																													(3)  
where α0 is the conversion of the sample at the beginning of torrefaction where t = t0. 
If the order of reaction is not unity, the integration of eqn (1) gives eqn (4). 
 
ሺ1 െ ߙሻଵି௡ െ ሺ1 െ ߙ଴ሻଵି௡ ൌ ݇ሺ݊ െ 1ሻሺݐ െ ݐ଴ሻ.																									(4)  
The order of reaction, n, was close to 1.9 for non-oxidative torrefaction and 1.8 for oxidative 
torrefaction (Table 2). In addition, the rate constant, k, was in the range 1.74·10-5 - 
4.91·10-5 s-1. The rate constant was of the same order of magnitude as in the work of Chen 
and Kuo for hemicellulose [4]. As can be observed in Table 2, there are no significant 
differences between kinetics parameters of both types of torrefaction. 
     Simulations of the conversion of the samples during oxidative and non-oxidative 
torrefaction were evaluated from eqn (5) 
ߙ ൌ 1 െ ሾ݇ሺݐ െ ݐ଴ሻሺ݊ െ 1ሻ ൅ ሺ1 െ ߙ଴ሻଵି௡ሿ
భ
భష೙.																															(5) 
 
In order to evaluate the reliability of the torrefaction kinetics, simulations and experimental 
data are compared (Fig. 5). As shown in Fig. 5, prediction and experimental data are in good 
agreement in all cases. 
4  CONCLUSIONS 
Mass and energy yields of oxidative torrefaction were lower than those of non-oxidative 
torrefaction were. Despite this, mass and energy yields of oxidative torrefaction are high 
enough to consider oxidative torrefaction of pine as a feasible option and cheaper than non-
oxidative torrefaction. 
     Decrease of the amount of oxygen was achieved with both types of torrefaction, but it was 
even higher in oxidative torrefaction. This leads to less smoking during combustion of 
torrefied biomass and consequently oxidative torrefaction could be the preferable option. 
Table 2:   Kinetic parameters of the non-oxidative (N-Ox) and oxidative (Ox) torrefaction. 
Experiment n k (s-1) x 105 R2 
N-Ox 200 2.0 1.85 0.96 
N-Ox 225 1.9 1.78 0.98 
N-Ox 250 1.9 3.94 0.990 
Ox 200 1.8 1.74 0.996 
Ox 225 1.8 2.58 0.995 
Ox 250 1.8 4.91 0.995 
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 (a) (d) 
 (b) (e) 
 (c) (f) 
Figure 5:  Comparison between values of predicted and experimental conversion for non-
oxidative (a, b and c) and oxidative (d, e and f) torrefaction at different 
temperatures: (a) and (d) 200C; (b) and (e) 225°C; (c) and (f) 250C. 
     Moisture of oxidatively torrefied biomass was higher than non-oxidatively torrefied 
biomass, but the differences were minimal and, therefore, this factor is not decisive. 
Furthermore, oxidative torrefaction achieved a higher fixed carbon content than non-
oxidative torrefaction. 
     Regarding kinetic parameters, no significant differences were found between oxidative 
and non-oxidative torrefaction and the results were close to already published data. 
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